Pancreatic cancer is the fourth leading cause of death by cancer ([@bib33]). Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic cancer and its incidence is rising every year ([@bib9]). Despite recent aggressive treatment approaches ([@bib40]), and great strides in discovering its biology and the underlying molecular mechanisms ([@bib15]), successful therapeutic strategies are limited and long-term survival rates remain unsatisfactory.

In most patients, PDAC is diagnosed at an advanced stage, one accompanied by extensive invasion and lymphatic metastasis, and thus there is an exceptionally low 5-year survival rate of only 5% ([@bib13]). Invasion and metastasis are the distinct biologic characteristics of cancer. They are the most important factors influencing tumour patients\' therapeutic effect and prognosis. Metastasis-associated genes and proteins have therefore attracted much attention. [@bib12] pronounced that in pancreatic cancer the initial primary tumour proliferates for several years before producing metastatic clones ([@bib19]). However, patients with clinically undetectable primary tumours still have a high risk of developing metastases. There is an urgent need to elucidate how pancreatic cancer cells give rise to distant metastasis to provide not only a better understanding of the pathophysiologic mechanisms but also to reveal novel targets that can be used to greatly improve molecular diagnosis and therapeutic intervention.

Pancreatic ductal adenocarcinoma has been expansively studied at the genetic level. There are four hallmark mutations of PDAC (KRAS \>90% ([@bib30]), p16^INK4A^ \>90% ([@bib22]), TP53 70% ([@bib24]) and SMAD4 55% ([@bib12])) that have all previously been implicated in the metastatic process in human samples. However, the current studies do not fully explain the mechanism of metastasis comprehensively. New theories and methods are urgently needed in the study of molecular mechanisms in PDAC. Recently, large-scale complementary DNA cloning projects have identified that the majority of the mammalian genome is transcribed into long non-coding RNAs (lncRNAs), which do not code for proteins ([@bib38]). These lncRNAs represent a subgroup of non-coding RNAs that are longer than 200 nucleotides ([@bib25]). Multiple studies have indicated that significant numbers of lncRNAs are involved and may have central roles in a variety of biologic processes through complicated mechanisms ([@bib7]; [@bib10]; [@bib26]; [@bib36]; [@bib11]). Notably, the deregulation of lncRNAs has been shown to result in aberrant gene expression that contributes to the progression of a variety of human tumours including PDAC ([@bib6]; [@bib35]). Compared with protein-coding genes, however, the clinical significance and functions of most deregulated lncRNAs in the progression and aggressiveness of PDAC remains unknown.

According to the result of Arraystar lncRNA and mRNA microarray, we found that the lncRNA ENST00000480739 was markedly decreased in PDAC tumorous tissues. Analogously, we found in a cohort of PDAC patients (*n*=35) that the expression of ENST0000048073 was significantly decreased in cancerous tissues than in adjacent normal tissues. ENST0000048073 expression was negatively associated with tumour node metastasis (TNM) stage and lymph node metastasis in PDAC. In addition, ENST0000048073 was an independent risk factor for overall patient survival following surgery. Our research found that ENST00000480739 could suppress PDAC cell invasion *in vitro* by directly upregulating osteosarcoma amplified-9 (OS-9) expression. Moreover, hypoxia-inducible factor-1*α* (HIF-1*α*), which regulates a large number of genes that are involved in tumorigenesis, metabolism, angiogenesis, oncogene expression metastasis ([@bib32]), was identified as a indirect and functional target of ENST0000048073.

Materials and methods
=====================

Patients and clinical samples
-----------------------------

A total of 35 primary cancer tissues and the paired adjacent non-cancerous tissue were collected from patients who underwent surgery for pancreatic cancer at Renji Hospital. These tissues were flash frozen in liquid nitrogen immediately after surgery and subsequently stored at −80 °C. All the resected nodules were identified as PDAC by pathologic examination. No patients received anticancer treatments before surgery in this study. All samples were staged in accordance with the tumour node metastasis (TNM) classification and criteria of the World Health Organisation (WHO), and tumour grade was assessed according to the WHO criteria. Written informed consent was obtained from all patients. The Ethics Committee of Shanghai Jiao-Tong University School of Medicine Renji Hospital approved the use of tissues for this study

Cell culture
------------

Human PDAC cell lines (ASPC-1, BXPC-3, CFPAC-1, PANC-1 and SW1990) and normal human pancreatic HPNE cell lines were purchased from the Cell Resource Center, Shanghai Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). Cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM)+10% fetal bovine serum (FBS) containing 4.5 g l glucose (Life Technologies, Carlsbad, CA, USA). Cells were cultured under either normoxic (5% CO~2~ in air) or hypoxic (1% O~2~, 5% CO~2~ and 94% N~2~) conditions at 37 °C.

RNA extraction and quantitative real-time PCR
---------------------------------------------

Total RNA was isolated from tumour tissues and purchased cell lines using TRIzol (Life Technologies) according to supplier\'s instructions. RNA concentration was measured with a NanoDrop ND-2000 spectrophotometer (Life Technologies). cDNA was synthesised by using a Prime Script RT Reagent Kit (Takara, Otsu, Shiga, Japan) according to the manufacturer\'s instructions. RNA expression in tumour tissues and cell lines was measured by quantitative real-time PCR (qRT--PCR) using a SYBR Green method according to the manufacturer\'s instructions. The qRT--PCR was performed using SYBR Premix Ex Taq (Takara) and StepOne Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA). *β*-Actin was used as an internal control. The primers used for the amplification were as follows: ENST00000480739 forward primer, 5′-GCGGATGGTGCTTCGTGTT-3′ and reverse primer, 5′-GGACCTCCCTGTATTTATCTATT-3′ OS-9 forward primer, 5′-GGGAGAAUUUGAGAAGGAATT-3′ and reverse primer, 5′-UUCCUUCUCAAAUUCUCCCTT-3′ *β*-actin forward primer, 5′-ATCGTGGGGCGCCCCAGGCACC-3′ and reverse primer, 5′-CTCCTTAATGTCACGCACGATTTC-3′ MXI-1 forward primer, 5′-CAAAGTGAATGAAGCCAGTGAC-3′ and reverse primer, 5′-TTTCCAGCCCATAATCCTGT-3′ PDGFC forward primer, 5′-ATTCCTCCCTCGCCTTCAC-3′ and reverse primer, 5′-GCCCTCTTCTGTGTCTCCAG-3′ FN1 forward primer, 5′-ATGCTCCCACTAACCTCCAG-3′ and reverse primer, 5′-GGCTGTCCTCTTCGGGTAA-3′ MMP28 forward primer, 5′-AAACTGGTGGTGCTCTCAGG-3′ and reverse primer, 5′-GGCTGTCCTCTTCGGGTAA-3′ ANGPTL4 forward primer, 5′-TGGCTCAGTGGACTTCAACC-3′ and reverse primer, 5′-GATGCTATGCACCTTCTCCAG-3′ L1CAM forward primer, 5′-CCCTGGAGAGTGACAACGA-3′ and reverse primer, 5′-CCAATGAACGAACCATCCTC-3′ and MT1-MMP forward primer, 5′-AGGGTCTTCGTTGCTCAGTC-3′ and reverse primer, 5′-AGGGTTTCTTCTGCCCACTT-3′. The relative mRNA levels were calculated based on the Ct values and normalised using the *β*-actin expression.

Plasmid, siRNA and cell transfection
------------------------------------

Plasmid pcDNA3.1-ENST00000480739 and pcDNA3.1-NC were purchased from BioYare Technologies (Shanghai, China). Small interfering RNAs were bought from Genepharm Technologies (Shanghai, China). The OS-9 promoter reporter plasmid, pGL3-enhancer-lncPRNA and control plasmid were bought from Generay Biotechnology. Plasmid and siRNA transfections were performed using Lipofectamine 2000 (Life Technologies) according to the manufacturer\'s protocol. Cells were incubated for 24 h before use in experiments.

Transwell invasion assay
------------------------

The invasiveness of pancreatic cancer cells was assessed based on the invasion of cells through Matrigel-coated transwell inserts, as described previously ([@bib43]). In brief, 3 × 10^5^ cells were seeded into 24-well plate-sized inserts (a chamber containing an 8-μm pore size; Millipore, Darmstadt, Germany) with Matrigel (BD Biosciences, San Jose, CA, USA). Cells were plated in customised DMEM medium without serum, with the lower chamber containing the medium plus 30% FBS, and thus serving as a chemoattractant. After incubation for 24 h, the cells that did not invade through the pores were carefully wiped out with cotton wool. All cells that had migrated from the upper to the lower side of the filter were stained with 1% crystal violet in 20% methanol solution, and then counted and imaged. The assay was conducted three separate times.

The ELISA assay
---------------

The MMP2/9 ELISA assay was conducted using an MMP2/9 ELISA Quantitative Kit (WestTang Bio-Tech Co., Ltd, Shanghai, China), following the manufacturer\'s protocol. The supernatant of PDAC cells was prepared 48 h after transfection, and analyzed at 1 : 1/1 : 20 dilution defined by the pretests and the manufacturer\'s instructions. All the steps were repeated three times.

Western blot analysis
---------------------

Western blotting were conducted under standard procedures ([@bib3]). Briefly, cells were broken open to obtain proteins using RIPA. Proteins were separated by 8% SDS--PAGE and then transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA). After blocking in 5% nonfat milk, the membranes were incubated with the following primary antibodies: OS-9 (1 : 1000; Novus Biologicals, Littleton, CO, USA), HIF-1*α* (1 : 1000; BD Biosciences), GAPDH (1 : 10000; KangChen, Shanghai, China) and tubulin (1 : 1000; Beyotime, Beijing, China), and then the secondary antibodies: rabbit anti-mouse IgG and goat anti-rabbit IgG (1 : 10000; SAB, Bethesda, MD, USA). All antibodies were diluted in nonfat dry milk. The immunoreactive protein bands were visualised by ECL Kit (Pierce, Thermo Fisher Scientific, IL, USA). The experiment was performed three separate times.

Immunohistochemistry analysis
-----------------------------

To expand the numbers of patients in the sample set, tissue microarrays were constructed from the archival formalin-fixed paraffin-embedded tissue blocks of 120 surgically resected primary PDACs. Immunohistochemistry was performed as previously described ([@bib23]). Primary antibodies were OS-9 (1 : 100; Novus Biologicals) and HIF-1*α* (1 : 250; Epitomics, Burlingame, CA, USA). Scoring of the immunohistochemical staining was based on the percentage of positive cells and staining intensity under a light microscope at × 200 magnification. Four categories were denoted (0, 1, 2 and 3) as negative, weak, moderate and strong. Groups 2 and 3 were considered high-expression groups and groups 0 and 1 as low-expression groups.

Luciferase reporter assay
-------------------------

For analysis of luciferase reporters, cells were plated in 24-well plates, and a mixture of 500 ng indicated PGL3 reporter plasmids for OS-9 promoter region, 600 ng pcDNA-ENST00000480739 or pcDNA3.1, 25 ng *Renilla* plasmid and pGL3 enhancer lncPRNA plasmid were transfected into cells with Lipofectamine 2000 (Life Technologies). After 48 h, luciferase activities were determined using the Luciferase assay system (Promega) according to the manufacturer\'s instructions. *Renilla* luciferase activity was used as an internal control for transfection efficiency.

Animal experiments
------------------

The lenti-control virus and lenti-lncENST00000480739 virus were constructed by Shanghai SBO Medical Biotechnology Company (Shanghai, China). SW1990 cells were infected with lenti-lncENST00000480739 virus or lenti-control virus to construct the SW1990-lncENST00000480739, SW1990-control stable cell lines, respectively. We injected SW1990-lncENST00000480739 and SW1990-control cells into the tail veins of nude mice, respectively, once a week for 10 weeks. Then, the livers and lungs of the nude mice were excised post mortem for hematoxylin--eosin staining. All experimental procedures were approved by the Institutional Animal Care and Use Committee.

ChIP and RT ChIP
----------------

Chromatin immunoprecipitation (ChIP) assays were performed using the ChIP Assay Kit (Upstate, Charlottesville, VA, USA) according to the manufacturer\'s instructions. The protein--DNA complexes were precipitated using 5 μg antibodies against acetyl-histone H3 (Lys27) antibody (no. 4353; CST, Danvers, MA, USA). Approximately 2--5 *μ*l of ChIP-enriched chromatin was subjected to a standard ChIP-PCR reaction, and the enrichment of specific genomic regions was assessed relative to either control IgG or control cells.

Real-time PCR was performed using an Applied Biosystems 7900 quantitative PCR system (Applied Biosystems). Each PCR reaction was carried out in a 10 *μ*l reaction volume using 3 *μ*l of the eluted immunoprecipitated DNA. The amount of genomic DNA co-precipitated with the specific antibody was calculated in comparison with the total input DNA used for each immunoprecipitation, as follows: CBTB=CBTB (genomic input)−CBTB (specific antibody), where CBTB (genomic input) and CBTB (specific antibody) were the mean threshold cycles of PCR performed in triplicate on DNA samples from the genomic input samples and the specific antibody samples, respectively. The ChIP primers for the *OS9* gene promoter were: OS9P-F (5′-ATCATGAAGAGATGTTGAAT-3′) and OS9P-R (5′-TTATATACCACGACCAAGT-3′). A ChIP primers pair for *GAPDH* was used as negative control for STAT3 binding: (5′-CACCGTGTGCCCAAGACCTC-3′) and (5′-CAGCCCTGTAGCCTGGACCT-3′).

Statistical analysis
--------------------

All statistical analyses were performed with SPSS version 19.0 software (SPSS software, Armonk, NY, USA). For statistical comparisons, a one-way analysis of variance, Fisher\'s exact test or two-tailed Student\'s *t*-test was performed. Data are presented as mean±s.d. The survival curves were calculated using the Kaplan--Meier method, and the differences were assessed by a log-rank test. Cox regression analysis was used to determine the independent factors, which were based on the variables selected by a univariate analysis. Results with a *P*-value \<0.05 were considered statistically significant.

Results
=======

The novel lncRNA ENST00000480739 is downregulated in PDAC
---------------------------------------------------------

We previously found systemic variations in the expression of lncRNAs between PDAC and the paired non-tumour samples using a microarray analysis. From that study, we noted the lncRNA ENST00000480739 expression was remarkably decreased in PDAC tissues than in adjacent normal tissues. (The microarray data mentioned in this article can be viewed at GEO as GSE57144.) The lncRNA ENST00000480739 can be found in the UCSC genome database, and the sequence of this lncRNA is available in the [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}. Furthermore, the lncRNA ENST00000480739 does not contain a valid Kozak sequence and it is identified to be an lncRNA rather than a protein-coding transcript by CNCI software (The Broad Institute, Cambridge, MA, USA) ([@bib34]). We also performed a codon substitution frequency analysis using PyhloCSF ([@bib17]). Long non-coding RNA ENST00000480739 showed very low codon substitution frequency scores (−0.252658), indicating that it is a non-coding RNA. To further corroborate our prior findings, we detected ENST00000480739 expression by using qRT--PCR in 35 pairs of PDAC tissues and in their adjacent normal tissues. The data showed that ENST00000480739 expression was remarkably decreased, reaching at least a 50% reduction in 66% (23 of 35) of PDAC tissues ([Figure 1A](#fig1){ref-type="fig"}), and its average intensity was reduced more than three-fold in tumours than in adjacent normal tissues ([Figure 1B](#fig1){ref-type="fig"}). The RNA level of ENST00000480739 in pancreatic cancer cell lines detected by qRT--PCR was significantly decreased in all five pancreatic cancer cell lines examined than in the normal pancreatic epithelial-like cell line HPNE ([Figure 1C](#fig1){ref-type="fig"}). To detect whether the silencing of lncRNA expression in PDAC occurs at the transcriptional or posttranscriptional level, we cloned the 5′ flanking DNA fragment (∼1 kbp) of ENST00000480739 promoter region. This DNA fragment was then inserted into pGL3 enhancer plasmid to construct the pGL3 enhancer lncPRNA plasmid. Furthermore, this recombination plasmid was transfected into SW1990 and normal pancreatic epithelial HPNE cells. As [Figure 1D](#fig1){ref-type="fig"} showed that the luciferase activity of pGL3 enhancer lncPRNA was significantly decreased in SW1990 cells when compared with that in HPNE normal pancreatic cells at the same condition, suggesting that the decreasing expression of lncRNA ENST00000480739 may be regulated at the transcriptional level, but not at the posttranscriptional level. Based on these data, we confirmed that this novel lncRNA was significantly downregulated in PDAC tissues as well as in PDAC cell lines.

The association between lncRNA ENST00000480739, clinicopathologic characteristics and prognosis after surgery
-------------------------------------------------------------------------------------------------------------

To determine whether ENST00000480739 expression level was correlated with any general clinical characteristics of PDAC, its expression was evaluated in 35 PDAC patients with different clinicopathologic features ([Table 1](#tbl1){ref-type="table"}). Results revealed that ENST00000480739 expression was negatively correlated with the TNM stage (*P*=0.0354; [Figure 2A](#fig2){ref-type="fig"}) and with lymph node metastasis (*P*=0.0004; [Figure 2B](#fig2){ref-type="fig"}). There was no significant correlation between ENST00000480739 expression with age, gender, diameter or degree of differentiation. The data suggest that loss of ENST00000480739 expression may have an important role in PDAC progression and metastasis.

We also compared the survival time following surgery in 35 cases of PDAC patients with higher-ENST00000480739-expressing tumours (above the median value, *n*=18) than those with lower-ENST00000480739-expressing tumours (below the median value, *n*=17). The cumulative survival rate was significantly better in patients with higher-ENST00000480739-expressing tumours than in those with lower-ENST00000480739-expressing tumours (*P*=0.005, HR (95% CI)=0.182 (0.056--0.596); [Figure 2C](#fig2){ref-type="fig"}). In addition, the univariate analysis showed that patients with lower expression of ENST00000480739, lymph node metastasis, TNM stage and the lower expression of OS-9 were significantly associated with an increased risk of cancer-related death ([Table 2](#tbl2){ref-type="table"}). The multivariate analysis revealed that TNM stage (*P*=0.017) and lymph node metastasis (*P*=0.001) are key prognostic factors. Furthermore, the lower expression of ENST00000480739 (*P*=0.005) was found to be significantly associated with poor survival in PDAC patients independently of the TNM stage and lymph node metastasis. These data indicate that ENST00000480739 expression is a new prognostic factor in PDAC patients.

The lncRNA ENST00000480739 inhibits tumour cell invasion *in vitro* and *in vivo*
---------------------------------------------------------------------------------

Because the statistical analysis indicated that downegulation of ENST00000480739 in PDAC frequently occurred and was closely associated with tumour metastasis, we hypothesised that overexpression of ENST00000480739 in PDAC cells may exert inhibitory effects on cell invasion. To verify this hypothesis, cells were transfected with either pcDNA-ENST00000480739 or pcDNA3.1. Real-time PCR detected that ENST00000480739 was successfully overexpressed in PDAC cells SW1990 and PANC-1. Successful overexpression of mature ENST00000480739 was confirmed by qRT--PCR. Transwell cell migration assay confirmed that overexpression of ENST00000480739 significantly inhibited cell invasion ([Figure 3A](#fig3){ref-type="fig"}). Similarly, the ELISA assay result supported this conclusion ([Figures 3B and C](#fig3){ref-type="fig"}). The protein levels of MMP2/9, which are important factors in invasion ([@bib2]; [@bib31]), were significantly lower in supernatants of ENST00000480739-overexpressing cells than in control cells. We next developed a pancreatic cancer metastasis model in nude mice, and explored the functional impact of lncRNA ENST00000480739 overexpression *in vivo* using a nude mouse metastatic tumour model. Different stable cells were transplanted into BALB/c-nu/nu mice via tail vein injection. Hematoxylin--eosin staining showed that less metastatic pancreatic cancer SW1990 cells were observed in the lungs of nude mice at 10 weeks after injection of SW1990-lncENST00000480739 control cells, whereas most of the mice injected with SW1990 control cells displayed significant lung metastases ([Figures 3E and F](#fig3){ref-type="fig"}). These data suggest that lncRNA ENST00000480739 may have a critical role in pancreatic cancer cell motility and metastasis. We also assessed whether ENST00000480739 could affect tumour cell proliferation, apoptosis or cell cycle. However, the consequence of CCK-8 assay and flow cytometry assay suggested a negative verdict ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

The lncRNA ENST00000480739 associates with OS-9
-----------------------------------------------

Bioinformatics analysis revealed that ENST00000480739 is located on chromosome 12 upstream of the OS-9 promoter region and the lncRNA ENST00000480739 and OS9 are transcribed from the same DNA strand in UCSC genome database ([Figure 4A](#fig4){ref-type="fig"}). Thus, we conjectured that ENST00000480739 might associate with OS-9. To test this prediction biochemically, we examined the mRNA level of OS-9 in our clinical samples. Real-time PCR data showed that the expression of OS-9 was significantly decreased in tumour tissues than in non-cancerous tissue in 35 pairs of primary cancer tissues and the paired adjacent samples ([Figure 4B](#fig4){ref-type="fig"}). Furthermore, we found that high expression of OS-9 was more likely to be detected in PDAC tissues with high levels of ENST00000480739 ([Figure 4C](#fig4){ref-type="fig"}). Moreover, we also found the expression of OS-9 was positively correlated with patient survival outcome in Kaplan--Meier survival analysis (*P*=0.035, HR (95% CI)=0.320 (0.112--0.915); [Figure 4D](#fig4){ref-type="fig"}). ENST00000480739 was also an independent risk factor for overall survival ([Table 2](#tbl2){ref-type="table"}). The protein level of OS-9 detected in the tissue microarray of 120 patients was markedly decreased in cancerous tissues than in adjacent normal tissues ([Figure 4E](#fig4){ref-type="fig"}). Low expression of OS-9 was closely associated with TNM stage and metastasis ([Table 3](#tbl3){ref-type="table"}). The data indicated that loss of OS-9 expression might be key to PDAC progression.

Next, we examined whether ENST00000480739 may regulate OS-9 expression in PDAC cells. Real-time PCR data showed that the OS-9 mRNA level was significantly increased after overexpression of ENST00000480739 in SW1990 cells ([Figure 4F](#fig4){ref-type="fig"}). Furthermore, western blot analysis revealed that the protein level of OS-9 was markedly increased in response to ENST00000480739 overexpression in SW1990 cells ([Figure 4G](#fig4){ref-type="fig"}). These data suggest that the OS-9 expression is regulated by ENST00000480739 in PDAC cells.

Furthermore, to detect whether OS-9 is a direct target of ENST00000480739, SW1990 cells were co-transfected with the OS-9 promoter reporter plasmid combined with pcDNA-ENST00000480739 or pcDNA3.1. Luciferase data showed that overexpression of ENST00000480739 significantly increased the transcriptional activity of the OS9 promoter ([Figure 4H](#fig4){ref-type="fig"}). In addition, we have looked through the UCSC genome database, and found that the promoter region of *OS9* may be modified by H3K27 acetylation. We further explored whether the lncRNA upregulated OS9 expression by modifying the H3K27 acetylation level of *OS9* gene promoter. [Supplementary Figure 2A](#sup1){ref-type="supplementary-material"} showed that H3K27 acetylation site may exist in the DNA promoter region of *OS9* gene. Real-time ChIP PCR showed that overexpression of lncRNA ENST00000480739 significantly increased the H3K27 acetylation level of *OS9* gene promoter ([Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). These data indicate that ENST00000480739 may regulate the expression of OS9 by directly regulating the transcriptional activity of the OS9 promoter.

The lncRNA ENST00000480739 inhibits tumour invasion by suppressing HIF-1*α* expression through modulating OS-9 function
-----------------------------------------------------------------------------------------------------------------------

Osteosarcoma amplified-9 has previously been shown to be an important factor in the negative regulation of HIF-1*α* ([@bib1]), which has a key role in the response of cells to hypoxia. Hypoxia has been suggested as a major cause of the poor prognosis of patients with solid tumours ([@bib8]) and the overexpression of HIF-1*α* has been reported in tumour metastasis ([@bib4]). Importantly, for our study, PDAC is thought to occur in high levels of hypoxia, and HIF-1*α* is highly expressed ([@bib16]).

Several studies have demonstrated that lncRNAs usually perform their molecular functions by binding to specific proteins ([@bib21]). Our findings in this study revealed that ENST00000480739 may have an important role in positively regulating OS-9 expression. Based on these observations, we sought to determine whether or not ENST00000480739 had a key role in inhibiting tumour metastasis by suppressing HIF-1*α* indirectly through the modulation of OS-9.

To examine our hypothesis, we analysed the effects of ENST00000480739 together with OS-9 on invasion using SW1990 cells. Invasion assay data showed that knockdown of OS-9 remarkably increased the ability of invasion in PDAC cells. Furthermore, downregulation of OS9 significantly rescued ENST00000480739-induced decrease in the cell invasion in PDAC cells ([Figure 5A](#fig5){ref-type="fig"}). Additionally, results from the ELISA assay were consistent with the transwell invasion assay. Downregulation of OS9 significantly rescued ENST00000480739-induced decrease in MMP2/MMP9 expression in PDAC cells ([Figures 5B and C](#fig5){ref-type="fig"}). Taken together, these data suggest that ENST00000480739 may inhibit PDAC cells invasion and motility by directly targeting OS-9.

To further explore our hypothesis, we incubated SW1990 cells for 24 h in hypoxic conditions following the same treatment as described above to obtain proteins. These proteins were then subjected to western blot assay with the anti-HIF-1*α* antibody. We found that the knockdown of OS-9 markedly abolished ENST00000480739-induced downregulation of HIF-1*α* ([Figure 5D](#fig5){ref-type="fig"}). These data indicate that ENST00000480739 may negatively regulate HIF-1*α* expression by enhancing OS-9 expression. Moreover, we have looked through the literatures and found MXI-1, PDGFC, FN1 and MMP28 as the representative target genes of HIF-1*α* ([@bib42]; [@bib37]). Real-time PCR data showed that forced expression of the lncRNA in PDAC cells significantly decreased these genes\' mRNA levels, which were regulated by HIF-1*α* ([Supplementary Figure 2A](#sup1){ref-type="supplementary-material"}). The data suggest that this lncRNA may not only regulate the expression of HIF-1*α* but also modulate the activity of HIF-1*α*.

Discussion
==========

This study emphasised lncRNA and explored potential functions of ENST00000480739, a novel lncRNA we identified, in PDAC. Long non-coding RNAs are broadly defined as RNA molecules \>200 bp in length that lack an open reading frame ([@bib38]). Although the specific functions of the large majority of lncRNAs remain unknown, recent advances in genome and transcriptome analysis have begun to shed light on the critical roles played by these molecules in a variety of cellular processes, including differentiation, development and tumorigenesis ([@bib11]). The relationship between lncRNAs and tumour growth has recently attracted much attention. Altered expressions of lncRNAs have been documented in several different human cancers and lncRNAs have been suggested as biomarkers for diagnosis and prognosis, as well as potential therapeutic targets ([@bib28]; [@bib5]; [@bib29]). For example, high expression of HOTAIR in breast cancer has been correlated with a poor prognosis and tumour metastasis ([@bib6]). MALAT1 is upregulated in multiple malignancies, including lung cancer, uterine endometrial stromal sarcoma, cervical cancer and hepatocellular carcinoma (HCC) ([@bib14]; [@bib18]; [@bib39]), and it can serve as an independent prognostic parameter for patient survival in early-stage lung adenocarcinoma ([@bib20]). MVIH was found to be overexpressed in HCC, which could promote tumour growth and intrahepatic metastasis by activating angiogenesis ([@bib41]).

Through the lncRNA expression microarray, we found a new lncRNA transcript, ENST00000480739, which was significantly downregulated in PDAC tumour tissue. In a cohort of 35 PDAC patients, we determined that the downregulation of ENST00000480739 was associated with advanced TNM stage (stage I *vs* stage II, *P*=0.0354) and lymph node metastasis (*P*=0.0004). Lower expression of ENST00000480739 tended to have more advanced TNM stage, suggesting that low expression of ENST00000480739 may promote cancer progression. ENST00000480739 expression was further significantly downregulated in PDAC patients with lymph node metastasis, which indicated that ENST00000480739 might have an important role in PDAC metastasis. The survival analysis data in the present study revealed that ENST00000480739 deregulation was correlated with shorter survival time of pancreatic cancer patients. In addition, the multivariate analysis indicated that low ENST00000480739 expression, advanced TNM stage and lymph node metastasis were each independent risk factors for overall patient survival rate following surgery. Our data indicate that ENST00000480739 may be a novel biomarker for risk prognostication and personal therapy screening of PDAC patients after surgery. For example, patient ENST00000480739 expression level could be used as a warning sign to clinicians that low-expression postoperative patients should be closely monitored and receive appropriate adjuvant therapies.

Lymph node metastasis is an initial step in pancreatic cancer metastasis, and is a crucial factor in the determination of the clinical staging, prognosis and survival of pancreatic cancer patients. Elucidating the molecular mechanisms underlying pancreatic cancer lymph node metastasis is thus urgently needed. Research in lncRNAs may provide new insights for understanding the molecular mechanisms and hence influence the design of better therapeutic strategies to treat cancer patients with lymph node metastasis. In our study, the PDAC patients with lymph node metastasis had a much lower ENST00000480739 expression compared with those without lymph node metastasis. Therefore, ENST00000480739 may be a novel risk biomarker for judging PDAC metastasis status. Furthermore, our functional experiments demonstrated that ENST00000480739 had an important role in PDAC metastasis, and that overexpression of ENST00000480739 could suppress PDAC cells invasion *in vitro* and metastasis *in vivo*. We have also analysed the expressions of MT1-MMP, which can regulate cell invasion ([@bib27]), and the expressions of ANGPTL4 and L1CAM, which may regulate lung colonisation ([@bib44]). We found that overexpression of ENST00000480739 significantly decreased the expressions of MT1-MMP, ANGPTL4 and L1CAM in pancreatic cancer SW1990 cells ([Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}), indicating that lncRNA ENST00000480739 may block cancer cell metastasis by inhibiting cancer cell invasion and lung colonisation. In general, these data indicate that ENST00000480739 may be closely related to lymph node metastasis and may act as a metastasis suppressor in PDAC.

OS-9 was originally identified as being amplified in osteosarcomas. However, further studies indicated that a dominant-negative form of OS-9 is expressed in tumours, and that developmental or physiologic alterations in OS-9 expression or activity may provide a means to alter the set point of the oxygen-sensing system, which ultimately decreases HIF-1*α* level, HIF-1*α* transcriptional activity and the expression of an endogenous HIF-1*α* target gene ([@bib1]). Hypoxia-inducible factor-1*α* is a transcription factor that activates gene expression in response to hypoxia. The majority of human cancers are characterised by overexpression of HIF-1*α* and inhibition of HIF-1*α* impairs tumour growth and metastasis ([@bib32]). We found that OS-9 expression was associated with ENST00000480739 level in clinical samples, and OS-9 was also an independent risk factor for patient overall survival following surgery. Thus, we predicted that ENST00000480739 could upregulate OS-9 expression in PDAC. The study results verified the hypothesis that overexpression of ENST00000480739 could increase both mRNA and protein level of OS-9. ENST00000480739 could directly increase OS-9 by activating the promoter region. Previous studies have shown that one group of lncRNAs was able to bind specific proteins and then direct the localisation of the resultant complex to specific targets ([@bib21]). For example, lincRNA-p21 and HOTAIR are able to alter and regulate epigenetic states and gene expression across multiple sites *in trans* ([@bib6]; [@bib10]). We observed that ENST00000480739 could inhibit tumour invasion *in vitro*. Thus, we suggest that ENST00000480739 inhibits invasion in this manner. We divided SW1990 cells into four groups, two of them were transiently co-transfected with pcDNA-ENST00000480739 and either OS-9-specific or control siRNA, and the other two groups were co-transfected with pcDNA3.1-NC and either OS-9-specific or control siRNA. We found that knockdown of OS-9 partially improved the ability of invasion in ENST00000480739-overexpressng cells, and also influenced the concentrations of MMP2/9, which were lowest in the group co-transfected with pcDNA-ENST00000480739 and control siRNA, and highest in the group co-transfected with pcDNA-NC and OS-9-specific siRNA. Overexpression of lncENST00000480739 significantly decreased the HIF-1α expression at the basal level. Knockdown of OS-9 dramatically blocked lncENST00000480739-induced HIF-1α downregulation. Taken together, results from this study suggest that ENST00000480739 may negatively regulate HIF-1*α* by upregulating OS-9, thereby suppressing invasion and metastasis. This discovery suggests a promising new insight with regard to the essential mechanisms of regulating HIF-1*α* in PDAC. Dysregulation of HIF-1*α* via OS-9 is potentially an important mechanism underlying cancer metastasis, and thus the lncRNA ENST00000480739 may serve as a potential treatment target for modulating this pathway in the metastatic diseases.

In summary, our results showed that ENST00000480739 is an important antimetastatic lncRNAs, which when downregulated is associated with lymph node metastasis in PDAC, as well as being an independent risk factor for patient overall survival after surgery. Moreover, *in vitro* experiments demonstrated that enforced expression of ENST00000480739 resulted in suppressed PDAC cell invasion and metastasis by directly targeting OS-9, and thus indirectly targeting HIF-1*α*. These findings suggest that the frequently downregulated ENST00000480739 in PDAC contributes to tumour metastasis and progression. ENST00000480739 may have not only a therapeutic potential to suppress metastasis but it may also be a novel biomarker for risk prognostication and personal therapy screening of PDAC patients.
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![**The novel lncRNA ENST00000480739 is downregulated in PDAC.** (**A**) Downregulation of ENST00000480739 was found in 92% (32 of 35) of PDAC tissues. A relative fold change (2^−ΔΔCT^) \<1/2 was defined as significantly low expression, and \>1 was defined as high expression. (**B**) Expression of mature ENST00000480739 determined by qRT--PCR in 35 paired human PDAC and their corresponding non-tumorous samples (NT) normalised by endogenous *β*-actin. Paired *t*-test, *P*=0.029. (**C**) Expression level of ENST00000480739 in five pancreatic cancer cell lines and normal pancreatic cell line HPNE. Long non-coding abundance was normalised by endogenous *β*-actin. Statistical analysis was conducted by one-way analysis of variance, \**P*\<0.05. (**D**) Relative luciferase assays were performed in SW1990 and HPNE pancreatic cells. Data are shown as mean±s.d., *n*=3, \**P*\<0.05 (Student\'s *t*-test), compared with the control.](bjc2014520f1){#fig1}

![**The association between lncRNA ENST00000480739, clinicopathologic characteristics and prognosis after surgery.** (**A**) ENST00000480739 expression in different clinical stages of PDAC. Patients were staged in accordance with the 7th Edition of the AJCC Cancer's TNM Classification. (**B**) Downregulation of ENST00000480739 in PDAC was associated with lymph node metastasis; patients were classified into lymph node metastasis-negative group (LN-negative) and -positive group (LN-positive). (**C**) Kaplan--Meier curves of overall survival. Patients were scored as low expression level (below the median value, *n*=17) or high expression level (above the median value, *n*=18) according to ENST00000480739 expression value. ENST00000480739 downregulation was significantly correlated with an overall shorter survival time. The *P*-values are shown with the use of log-rank test in [Table 2](#tbl2){ref-type="table"}.](bjc2014520f2){#fig2}

![**The lncRNA ENST00000480739 inhibits tumour invasion *in vitro*.** (**A--C**) Overexpression of ENST00000480739 significantly impeded abilities of cell invasion in SW1990 and PANC-1 cells. (a) SW1990 cells were transfected with vector; (b) SW1990 cells were transfected with ENST00000480739; (c) PANC-1 cells were transfected with vector; (d) PANC-1 cells were transfected with ENST00000480739. (**D** and **E**) Concentrations of MMP2/9 were lower in supernatants of the ENST00000480739 overexpression group. Statistical analysis conducted by paired *t*-test. \**P*\<0.05 and \*\**P*\<0.01. (**E**) Representative haematoxylin--eosin staining and (**F**) summarised data showed that less metastatic CRC cells were observed in the lungs of nude mice at 10 weeks after injection of SW1990-lncENST00000480739 stable cells, whereas most of the mice injected with SW1990 control cells displayed significant lung metastases.](bjc2014520f3){#fig3}

![**The lncRNA ENST00000480739 associates with OS-9.** (**A**) ENST00000480739 is located on chromosome 12 upstream of the promoter region of OS-9. (**B**) Expression of OS-9 determined by qRT--PCR in 35 paired human PDAC and their corresponding non-tumorous samples (NT) and normalised by endogenous *β*-actin. *P*=0.0001, paired *t*-test. (**C**) Relationship between OS-9 and ENST00000480739 expression explored by Spearman\'s correlation in 35 paired PC tissues and adjacent NP tissues. (**D**) Kaplan--Meier curves of overall survival. Patients were scored as low expression level (below the median value, *n*=17) or high expression level (above the median value, *n*=18) according to the OS-9 expression. The OS-9 downregulation was significantly correlated with an overall shorter survival time. The *P*-values are shown with the use of log-rank test in [Table 2](#tbl2){ref-type="table"}. (**E**) Immunohistochemistry analysis performed in tissue microarray assay that contained 120 pairs of PDAC and their corresponding non-tumorous tissues ( × 400). The protein level of OS-9 detected in the tissue microarray of 120 patients was markedly decreased in cancerous tissues than in adjacent normal tissues (*P*\<0.05). (**F**) mRNA levels of OS-9 as determined by qRT--PCR in ENST00000480739 overexpression cells and negative control cells; *β*-actin served as an internal control. (**G**) Western blot analysis used to detect the expression level of endogenous OS-9 in SW1990 cells after transfected with ENST00000480739 or control vector; *β*-actin served as an internal control. (**H**) Promoter region fragment of OS-9 directly fused downstream of the firefly luciferase gene in the luciferase reporter plasmids, which were co-transfected with *Renilla* plasmid and pcDNA3.1-ENST00000480739 or pcDNA3.1 into SW1990 cells. Luciferase activity was normalised to *Renilla* luciferase activity. The normalised luciferase activity of SW1990 vector group was set as 1. \**P*\<0.05 and \*\**P*\<0.01.](bjc2014520f4){#fig4}

![**The lncRNA ENST00000480739 inhibits tumour invasion by suppressing HIF-1*α* expression through the modulation of OS-9 function.** (**A**) Knockdown of OS-9 partially improved the ability of invasion in ENST00000480739 overexpression cells. (a) Cells were co-transfected with pcDNA3.1 and control siRNA; (b) cells were co-transfected with pcDNA-ENST00000480739 and control siRNA; (c) cells were co-transfected with pcDNA3.1 and OS-9-specific siRNA; (d) cells were co-transfected with pcDNA-ENST00000480739 and OS-9-specific siRNA. (**B** and **C**) The concentrations of MMP2/9 were lowest in cells co-transfected with ENST00000480739 and control siRNA, and were highest in the group co-transfected with NC and OS-9-specific siRNA. Statistical analysis was conducted by one-way ANOVA. (**D**) Western blot analysis of HIF-1a expression under hypoxic conditions (O~2~ concentration 1%). The absence of OS-9-mediated increment of HIF-1a expression was abrogated by ENST00000480739 overexpression. Tubulin, loading control.](bjc2014520f5){#fig5}

###### The relationship between ENST00000480739 expression and clinicopathologic parameters in PDAC (35 pairs)

                                  **LncRNA expression**             
  ------------------------------- ----------------------- ---- ---- -----------------------------------
  **Age (years)**                                                   
  ⩽60                             9                       6    15   0.2302
  \>60                            11                      9    20    
  **Gender**                                                        
  Male                            7                       8    15   0.4043
  Female                          12                      8    20    
  **Diameter (cm)**                                                 
  ⩽4                              14                      8    22   0.5641
  \>4                             6                       7    13    
  **Degree of differentiation**                                     
  Well and moderately             10                      9    19   0.3778
  Poorly                          7                       9    16    
  **TNM stage**                                                     
  I                               10                      3    13   0.0354[a](#t1-fn1){ref-type="fn"}
  II                              6                       16   22    
  **Neural invasion**                                               
  Yes                             9                       10   19   0.4317
  No                              8                       8    16    
  **Lymph node metastasis**                                         
  Yes                             5                       13   18   0.0004[a](#t1-fn1){ref-type="fn"}
  No                              12                      5    17    

Abbreviations: lncRNAs=long non-coding RNA; PDAC=pancreatic ductal adenocarcinoma; TNM=tumour node metastasis.

Patients were staged in accordance with the 7th Edition of the AJCC Cancer\'s\' TNM Classification. According to the interpretation of NCCN guidelines for surgical treatment of pancreatic carcinoma, PDAC with stage III and stage IV are unresectable.

Statistically significant (*P*\<0.05).

###### Univariate and multivariate analysis of factors associated with overall survival in pancreatic cancer patients (35 pairs)

                                     **Univariate analysis**   **Multivariate analysis**                                    
  ---------------------------------- ------------------------- ---------------------------------- ------------------------- ----------------------------------
  Age (years)                        2.899 (0.997--8.426)      0.063                                                         
  Gender                             3.618 (0.948--13.812)     0.060                                                         
  Diameter (cm)                      0.711 (0.245--2.059)      0.515                                                         
  Degree of differentiation          1.666 (0.652--4.259)      0.408                                                         
  TNM stage                          4.689 (1.633--14.506)     0.030[a](#t2-fn1){ref-type="fn"}   6.675 (2.512--12.367)     0.017[a](#t2-fn1){ref-type="fn"}
  Neural invasion                    0.739 (0.276--1.976)      0.342                                                         
  Lymph node metastasis              3.703 (1.1192--11.507)    0.014[a](#t2-fn1){ref-type="fn"}   22.855 (3.951--210.746)   0.001[a](#t2-fn1){ref-type="fn"}
  ENST00000480739 expression level   0.182 (0.056--0.596)      0.005[a](#t2-fn1){ref-type="fn"}   0.028 (0.002--0.347)      0.005[a](#t2-fn1){ref-type="fn"}
  OS-9 expression level              0.320 (0.112--0.915)      0.035[a](#t2-fn1){ref-type="fn"}   0.064 (0.007--0.591)      0.015[a](#t2-fn1){ref-type="fn"}

Abbreviations: CI=confidence interval; HR=hazard ratio; OS-9=osteosarcoma amplified-9; TNM=tumour node metastasis.

Statistically significant (*P*\<0.05).

###### The relationship between OS-9 expression and clinicopathologic parameters in PDAC (120 pairs)

                                  **OS-9 expression**             
  ------------------------------- --------------------- ---- ---- -----------------------------------
  **Age (years)**                                                 
  ⩽60                             34                    21   55   0.1645
  \>60                            33                    32   65    
  **Gender**                                                      
  Male                            25                    28   53   0.3991
  Female                          42                    25   67    
  **Diameter (cm)**                                               
  ⩽4                              49                    33   82   0.7011
  \>4                             18                    20   38    
  **Degree of differentiation**                                   
  Well and moderately             35                    28   63   0.4369
  Poorly                          35                    22   57    
  **TNM stage**                                                   
  I                               35                    11   46   0.0271[a](#t3-fn1){ref-type="fn"}
  II                              19                    55   74    
  **Neural invasion**                                             
  Yes                             32                    38   70   0.3964
  No                              25                    25   50    
  **Lymph node metastasis**                                       
  Yes                             23                    46   69   0.0031[a](#t3-fn1){ref-type="fn"}
  No                              36                    15   51    

Abbreviations: OS-9=osteosarcoma amplified-9; PDAC=pancreatic ductal adenocarcinoma; TNM=tumour node metastasis.

Patients were staged in accordance with the 7th Edition of the AJCC Cancer\'s TNM Classification. According to the interpretation of NCCN guidelines for surgical treatment of pancreatic carcinoma, PDAC with stage III and stage IV are unresectable.

Statistically significant (*P*\<0.05).

[^1]: These authors contributed equally to this work.
